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(g) Implantable pacemaker having AV interval for providing ventricular pacing. 

(57) A dual-chamber implantable pacemaker con- 
figured to operate in the DDD or DDDR mode 
automatically adjusts its AV (or PV) interval to 
an amount just less than the natural conduction 
time of a patient, thereby assuring that ventricu- 
lar pacing occurs in a patienfs cardiac cycle at 
a time near when a natural ventricular contrac- 
tion (an R-wave) would occur. The pacemaker 
includes a pulse generator that generates ven- 
tricular stimulation pulses (V-pulses) at the con- 
clusion of a pacemaker-defined AV (or PV) 
interval if no natural ventricular activity (an 
R-wave) is sensed during such AV (or PV) inter- 
val. The AV (or PV) intervals are automatically 
adjusted by the pacemaker to be just less than 
the natural conduction time sensed by the 
pacemaker, where the natural conduction time 
is the time between atrial activity (a sensed 
P-wave or a delivered A-pulse) and the subse- 
quent natural ventricular activity (R-wave). The 
system and method are particularly adapted for 
use by patients suffering from a car- 
diomyopathy in order to improve cardiac out- 
put. 
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Th present invention relates to implantable med- 
ical devices and methods, and more particularly, to 
an implantable pacemaker that automatically adapts 
its atrial-ventricular (AV) delay to maximize the cardi- 
ac output for patients having a cardiomyopathy. 

The heart is a pump that pumps life-sustaining 
blood throughout the body of the patient The human 
heart comprises a left side and a right side, with each 
side having a first chamber, known as the atrium, and 
a second chamber, known as the ventricle. The atrium 
receives blood returning from other body locations. At 
an appropriate time, determined by the sinoatrial (SA) 
node, an electrical stimulus is provided that causes 
the muscle tissue surrounding the atrium to depolar- 
ize. Depolarization of the atrial muscle tissue is man- 
ifest by the occurrence of an electrical signal known 
as the P-wave. Immediately following the P-wave, 
the atrial muscle tissue physically contracts, forcing 
the blood held in the atrium through a one-way valve 
into the ventricle. The SA node stimulus that caused 
the atrium to depolarize also travels to the ventricle 
through the atrioventricular (AV) node and the atrio- 
ventricular (AV) bundle. The AV node is a mass of 
modified heart muscle situated in the lower middle 
part of the right atrium. It receives the impulse to con- 
tract from the sinoatrial node, via the atria, and trans- 
mits it through the atrioventricular bundle to the ven- 
tricles. The AV bundle is a bundle of modified heart 
muscle fibers (Purkinje fibers) that pass from the AV 
node forward to the septum between the ventricles, 
where it divides into right and left bundles, one for 
each ventricle. The fibers thus transmit the SA node 
stimulus from the atria, via the AV node, to the ven- 
tricles. However, as the SA node stimulus travels 
through the AV bundle, it is delayed by an amount 
commensurate with the same time it takes the blood 
to physically flow from the atrium to the ventricle. 

After the delay through the AV bundle, which de- 
lay may be referred to as the natural conduction time 
of the heart the SAnode stimulus arrives at the ven- 
tricular muscle tissue, causing it to depolarize. Depo- 
larization of the ventricular muscle tissue is manifest 
by the occurrence of an electrical signal known as the 
R-wave (sometimes referred to as the QRS complex). 
Immediately following the R-wave, the ventricular 
muscle tissue physically contracts, forcing the blood 
held therein through one or more arteries to various 
body locations. In this manner, then, the heart "beats" 
or pumps blood by having the atria contract at a rate 
determined by the SAnode, and after the natural con- 
duction time, by having the ventricles contract. After 
a longer delay, when the atrium has ref Hied with blood 
returning from throughout the body, the process re- 
peats. 

The heart of a typical healthy patient may beat 
60-70 times per minute when the patient is at rest. 
When the patient is undergoing significant physiolog- 
ical stress, as occurs, e.g., during physical exercis , 



the rate at which the heart beats, the "heart rate," in- 
creases significantly, .g, up to 150-170 times per 
minute. The above-described process wherein the at- 
ria and ventricles sequentially depolarize and contract 
5 in order to pump blood, and get ready to depolarize 
again, is referred to herein as the "cardiac cycle." A 
given cardiac cycle thus includes one R-wave (or 
equivalent ventricular activity evidencing depolariza- 
tion of the ventricles) and one P-wave (or equivalent 
10 atrial activity evidencing depolarization of the atria). 
The length of the cardiac cycle (which represents the 
period of the heart rate) may be measured as the time 
interval between successive P-waves or R- waves, al- 
though R-waves are usually used because they are 
15 easier to detect 

A pacemaker is an implantable medical device 
that monitors the activity of the heart for the occur- 
rence of P-waves and/or R-waves, and steps in with 
electronically generated stimuli, when needed, to 
20 force the depolarization of the atria and/or ventricles. 
A pacemaker-generated stimulus that is delivered to 
the atrium is referred to herein as an "A-pulse." A pa- 
cemaker-generated stimulus that is delivered to the 
ventricle is referred to herein as a "V-pulse." Most pa- 
25 cemakers are configured to provide an A-pulse and/or 
V-pulse only if a prescribed period of time has elapsed 
without the occurrence of a P-wave and/or an R-wa- 
ve, i.e., without the occurrence of natural heart beats. 
The prescribed period of time used by the pace- 
30 maker between contraction of the ventricle and con- 
traction of the atrium is generally referred to as the V- 
A Interval, or the atrial escape interval. For most dual- 
chamber pacemaker modes of operation, only if a P- 
wave does not occur during the atrial escape interval 
35 will the pacemaker step in at the conclusion of such 
interval and generate an A-pulse. 

The prescribed period of time used by the pace- 
maker between contraction of the atrium and contrac- 
tion of the ventricle is referred to as the ArV Interval, 
40 or sometimes it is called the "AV Delay." The pace- 
maker, for most dual-chamber modes of operation, 
generates a V-pulse only if the AV Delay elapses with- 
out the occurrence of an R-wave. 

In the above-described manner, the heart is thus 
45 afforded as much time as possible to beat on its own 
before the electronically-generated stimuli of the pa- 
cemaker are delivered to the heart, causing it to beat 
at the rate set by the pacemaker. 

Heretofore, most cardiac patients using a pace- 
so maker have suffered from at least one of various car- 
diac conditions or diseases that affect either the abil- 
ity of the SA node to maintain and sustain a satisfac- 
tory heartbeat rate (hereafter "rate problems"), orthe 
ability of the AV node or the AV bundle to conduct a 
55 suitable stimulus to the ventricle (hereafter "conduc- 
tion problems"). Advantageously, both rate problems 
and conduction problems lend themselves well to a 
pac maker solution because the underlying cardiac 
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muscle tissue is in place and is capable of responding 
to the electronically-generated stimuli produced by 
the pacemaker. 

Unfortunately, there remain a significant number 
of patients that suffer from one or more conditions 5 
that cannot be characterized as either rate problems 
or conduction problems. One such problem is known 
as hypertrophic cardiomyopathy. Another is known 
as dilated cardiomyopathy. While there are medical 
or clinical differences between these two forms of 10 
cardiomyopathy, for purposes of the present inven- 
tion they may be considered the same problem,* and 
will be referred to hereafter as simply •cardiomyop- 
athy.' 

In general, a patient suffering from cardiomyop- 15 
athy experiences a significant reduction in cardiac 
output because the heart muscle is unable to perform 
its function of contracting in response to the SA node 
stimulus. By "cardiac output," it is meant the ability of 
the heart to efficiently pump blood. Thus, a patient 20 
suffering from cardiomyopathy will generally not have 
as much blood pumped per heart beat (stroke vol- 
ume) as may be needed. Cardiomyopathy patients 
are referred to as being moderately to severely symp- 
tomatic of low cardiac output syndrome. The only 25 
treatment for low cardiac output syndrome, up to now, 
has been heart transplantation. Disadvantageous^, 
heart transplantation is not a viable solution for most 
patients. Not only are hearts suitable for transplant 
difficult and expensive to secure, but even when se- 30 
cured, a very dangerous and complicated surgery 
must follow in order to successfully perform the trans- 
plantation operation. What is thus needed is an alter- 
native to heart transplantation for patients suffering 
from low cardiac output syndrome. 35 

It has recently been proposed to implant a dual- 
chamber pacemaker in patients suffering from low 
cardiac output syndrome and to configure such pace- 
maker to provide PV or AV pacing. During PV or AV 
pacing, the pacemaker delivers a V-pulse to the ven- 40 
tricles a programmed delay after the occurrence of an 
atrial event, which atrial event could be either the oc- 
currence of a P-wave or the delivery of an A-pulse. 
Advantageously, by forcing a ventricular contraction 
prior to the occurrence of an R-wave f i.e., prior to 45 
natural depolarization of the ventricles, the cardiac 
output of patients suffering from cardiomyopathies 
may be significantly improved. Such improvement ap- 
pears to result because the ventricular stimulus —a V- 
pulse delivered by the pacemaker- is applied to the 50 
ventricular tissue at a different cardiac location (at the 
location of the ventricular lead tip electrode, which I07 
cation is usually in the apex of the right ventricle) than 
is the natural stimulus when received through the SA 
node. 55 

PV or AV pacing is only effective, however, when 
the V-pulse is delivered to the ventricular tissue be- 
fore the occurrence of an R-wave, i.e., before the 



ventricular tissue depolarizes. As soon as the v ntrio 
ular tissue depolarizes, it becomes refractory, and will 
not respond to a V-pulse, until such time as it repolar- 
izes. It is thus necessary, if AV or PV pacing is to be 
used, to set the AV (or PV) interval of the pacemaker 
to a value that is less than the patient's normal con- 
duction time. Unfortunately, heretofore, this require- 
ment has forced the AV (or PV) interval to be set to 
very short values, i.e., between 80 and 1 20 msec, be- 
cause during exercise (or other periods of physical 
activity or physiological stress) the patient's native 
conduction time may shorten significantly. Thus, in 
order to guarantee that the pacemaker will always 
pace the ventricles, i.e., in order to assure that the V- 
pulse is delivered to the ventricular tissue at a time 
when it is not refractory, the AV (or PV) interval must 
be set to an interval that is shorter than any native 
conduction interval that might exist in any given pa- 
tient at any given time. 

Disadvantageous^, setting a very short pro- 
grammed AV (or PV) interval may adversely affect 
cardiac output because it may force ventricular con- 
traction well before the ventricles have had suff ici nt 
time to be filled with blood from the atrium. Thus, what 
is needed for patients suffering from a cardiomyop- 
athy is a pacemaker that paces the ventricles at a 
time in the cardiac cycle that is always less than the 
natural conduction time, i.e., at a time that is prior to 
the occurrence of an R-wave, but that is not so much 
less than the natural conduction time so as to ad- 
versely affect cardiac output That is, what is needed 
is a pacemaker that automatically sets its internally- 
generated AV and/or PV intervals to be just short of 
the patient's native conduction time, thereby assuring 
that the AV (or PV) interval is sufficiently long to allow 
the blood to physically move from the atrium to the 
ventricles; yet remains sufficiently short to always be 
less than the patient's native conduction time, there- 
by assuring that the V-pulse is not delivered when the 
ventricular tissue is refractory. 

The present invention advantageously address- 
es the above and other needs. See Applicant's co- 
pending application, filed concurrently herewith, en- 
titled DUAL-CHAMBER IMPLANTABLE PACEMAK- 
ER HAVING AN ADAPTIVE AV INTERVAL THAT 
PREVENTS VENTRICULAR FUSION BEATS. Serial 
No. 07/976,153, Attorney Docket No. GR 92P 7968, 
which application is incorporated herein by reference. 

The present invention provides a dual-chamber 
implantable pacemaker and a method of operating 
such a dual-chamber implantable pacemaker, where- 
in the natural conduction time of a patient is meas- 
ured, and the AV (or PV) interval of a dual-chamber 
pacemaker implanted in the patient is automatically 
set to a value just less than the measured natural con- 
duction time. A ventricular stimulation pulse (V-pulse) 
is generated at the conclusion of the pacemaker-de- 
fined AV (or PV) interval if no natural ventricular ac- 
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tivity (an R-wave) is sensed during such AV (or PV) 
interval. Because the AV (or PV) interval is automat- 
ically set to a value just less than the natural conduc- 
tion time, a V-pulse will almost always be applied to 
the ventricular muscle tissue at a time when such 
muscle tissue is capable of responding thereto, i.e., 
at a time when the tissue is not refractory. In the event 
that an R-wave does occur, signaling that the natural 
conduction time of the patient is decreasing (as might 
occur, for example, if the patient is exercising), the oc- 
currence of the R-wave provides a new measure of 
the natural conduction time, which thereafter affords 
a basis for further adjusting the AV interval. 

The pacemaker-defined AV interval begins upon 
the delivery of an atrial stimulation pulse (A-pulse) by 
the pacemaker. Similarly, the pacemaker-defined PV 
interval begins upon sensing natural atrial activity (a 
P-wave) by the pacemaker. The natural conduction 
time measured by the pacemaker comprises the time 
between atrial activity (whether a sensed P-wave or 
a delivered A-pulse, whichever occurs) and subse- 
quent natural ventricular activity (an R-wave). The 
method of operating a pacemaker in accordance with 
the present invention thus includes: (1) measuring 
the natural conduction time, t*R. of the patient in a giv- 
en cardiac cycle; and (2) setting the AV (or PV) inter- 
val of the pacemaker, for use in subsequent cardiac 
cycles, to a value that is a prescribed amount, e.g. 20- 
30 msec, less than t^R. 

In accordance with one aspect of the invention, 
the pacemaker includes a timing counter, or equiva- 
lent, that is initiated upon the occurrence of each at- 
rial event, whether a P-wave or an A-pulse. The atrial 
event also starts the AV (or PV) interval of the pace- 
maker. If an R-wave occurs in thecardiac cycle before 
the termination of the AV (or PV) interval, then the 
timing counter stops, with the count held therein pro- 
viding a measure of the natural conduction time, t^. 
The AV (or PV) interval set by the pacemaker is then 
immediately and automatically adjusted to a new val- 
ue that is the prescribed amount less than Ur. The 
new adjusted value of AV (or PV) is then used for the 
next cardiac cycle. In this manner, the AV (or PV) in- 
terval is adaptively adjusted, as required, to always 
be less than the natural conduction time of the pa- 
tient. r . . 

In accordance with another aspect of the inven- 
tion, if a prescribed number of consecutive cardiac cy- 
cles ensue without the occurrence of an R-wave, 
then the value of the AV (or PV) interval is gradually 
increased, in order to incrementally return it to its orig- 
inal value. 

A dual-chamber pacemaker made in accordance 
with the present invention includes an atrial channel 
and a ventricular channel. An atrial sense amplifier 
senses the occurrence of natural atrial activity (a P- 
wave) in the atrial channel. A ventricular sense ampli- 
fier similarly senses the occurrence of natural ven- 



tricular activity (an R-wave) in the v ntricular chan- 
nel. An atrial pulse generator generates an atrial stim- 
ulation pulse (A-pulse) in the atrial channel in the ab- 
sence of a sensed P-wave by the atrial sense ampli- 
5 f ier within an AV time interval. Similarly, a ventricular 
pulse generator generates a ventricular stimulation 
pulse (V-Pulse) in the ventricular channel in the ab- 
sence of a sensed R-wave by the ventricular sense 
amplifier within an atrial escape interval. Acontrol cir- 
10 cuit coupled to both the atrial and ventricular chan- 
nels defines the AV time interval and the atrial escape 
interval. The AV time interval begins upon the sensing 
of atrial activity in the atrial channel, where atrial ac- 
tivity may be either a P-wave or the generation of an 
15 A-pulse, whichever event occurs. The atrial escape 
interval begins upon the sensing of ventricular activ- 
ity in the ventricular channel, where ventricular activ- 
ity may be either an R-wave or the generation of a V- 
pulse, whichever event occurs f irst The control circuit 
20 of the pacemaker includes timing means for measur- 
ing a natural conduction time interval as the time per- 
iod between atrial activity in the atrial channel and the 
sensing of an R-wave in the ventricular channel. In 
accordance with the present invention, the control 
25 circuit automatically decreases the AV time interval to 
a value that is less than the natural conduction time 
interval by a prescribed amount, which decreased AV 
time interval value is not to be less than a minimum 
AV time interval value. 
30 Hence, in the absence of a decreasing natural 

conduction time interval, the pacemaker of the pres- 
ent invention generates a V-pulse in the ventricular 
channel prior to the occurrence of an R-wave, there- 
by providing needed therapy for patients who most al- 
35 ways need a V-pulse, e.g., patients suffering from a 
cardiomyopathy. Further, in the presence of a de- 
creasing natural conduction time interval, the pace- 
maker of the invention automatically decreases the 
AV time interval to a value that is less than the short- 
40 est conduction time interval. 

Moreover, in accordance with one aspect of the 
invention, the control circuit of the dual-chamber pa- 
cemaker automatically increases the AV time interval 
by a prescribed amount in the event a prescribed 
45 number of consecutive cardiac cycles occur without 
an R-wave having been sensed by the ventricular 
sense amplifier. Thus, the AV time interval wil never 
remain adjusted to a value less than the shortest con- 
duction time interval in the absence of sensed R-wa- 
50 ves for a period of time longer than the prescribed 
number of cardiac cycles. In this manner, then, the 
pacemaker adaptively adjusts its AV time interval, as 
required, between maximum and minimum values, al- 
ways attempting to provide a V-pulse just prior to 
55 when an R-wave would otherwise occur. 

It is thus a feature of the present invention to pro- 
vide an implantable pacemaker and method of oper- 
ating such a pacemakerthat stimulates cardiac tissue 
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at a time in the cardiac cycle that is just prior to when 
natural depolarization of the cardiac tissue would 
otherwise cause a cardiac contraction. 

It is another feature of the invention to provide a 
dual-chamber pacemaker, and method of operating s 
such a dual-chamber pacemaker, that automatically 
adjusts its pacemaker-defined AV interval to a value 
that is just less than the natural conduction time of a 
patient, thereby assuring that a V-pulse is generated 
and delivered to the ventricular muscle tissue at a 10 
time in the cardiac cycle when such ventricular mus- 
cle is not refractory (i.e., prior to the natural depolar- 
ization of the ventricular tissue), while still maintaining 
the approximate cardiac timing set by the natural con- 
duction time, whereby the cardiac output of the pa- 15 
tient is maximized. 

It is a further feature of the invention to provide 
such a pacemaker, and method of operating such a 
pacemaker, that decreases the pacemaker-defined 
AV interval in response to sensing an R-wave (which 20 
sensed R-wave evidences a shortened natural con- 
duction time), and that automatically increases the 
pacemaker-defined AV interval in prescribed incre- 
ments in response to not sensing an R-wave for a pre- 
scribed number of consecutive cardiac cycles (which 25 
failure to sense any R-waves may evidence a length- 
ening of the natural conduction time). 

The above and other aspects, features and ad- 
vantages of the present invention will become more 
apparent from the Detailed Description of the Inven- 30 
tion, presented in conjunction with the following draw- 
ings, wherein: 

FIG. 1 is block diagram of a dual-chamber pro- 
grammable pacemaker; 

FIG. 2 is a block diagram of one embodiment of 35 
the control logic of the pacemaker of FIG. 1; 
FIG. 3 is a flowchart illustrating the method of the 
present invention; 

FIG. 4 is a more detailed flowchart illustrating the 
method of the present invention; 40 
FIG. 5 is a flowchart that illustrates one technique 
for measuring the natural conduction time of a pa- 
tient; and 

FIG. 6 is a flowchart that illustrates another em- 
bodiment for determining the natural conduction 45 
time of a patient, wherein one of the PR or AR 
conduction time intervals is measured, and the 
other is set as a prescribed difference from the 
measured value. 

Corresponding reference characters indicate 50 
corresponding components throughout the several 
views of the drawings. 

The following description is of the best mode pre- 
sently contemplated for carrying out the invention. 
This description is not to be taken in a limiting sense, 55 
but is made merely for the purpose of describing the 
general principles of the invention. The scope of the 
invention should be determined with reference to the 



claims. 

As indicated above, the present invention is di- 
rected to an implantable dual-chamber pacemaker, 
and a method of operating an implantable dual- 
chamber pacemaker, that automatically adapts or ad- 
justs the AV interval (or PV interval) of the pacemaker 
in an attempt to maximize the cardiac output of a pa- 
tient suffering from a cardiomyopathy. In general, the 
muscle tissue (usually the ventricular muscle tissue) 
of the heart of a patient suffering from a cardiomyop- 
athy is unable to provide a strong beat (muscle con- 
traction), and is thus not able to efficiently pump 
much blood with each beat If a ventricular stimulation 
pulse (V-pulse) is provided to the heart at the right 
time in the cardiac cycle, then a stronger beat (muscle 
contraction) is provided, and the cardiac output 
(amount of blood pumped by the heart) of the patient 
increases. The "right time" to provide such a V-pulse 
in the cardiac cycle is just prior to when the ventricles 
would beat (depolarize, and hence contract) on their 
own due to the normal conduction time of the patient, 
Le., just prior to the occurrence of an R-wave. To this 
end, the present invention determines the natural 
conduction time between a P-wave (evidencing depo- 
larization of the atria) and a subsequent R-wave, or 
PR interval, and sets the PV interval of the pacemak- 
er to be a prescribed amount less than such PR inter- 
val. Alternatively, should the atria of the patient also 
require stimulation, the invention determines the 
paced conduction time between an atrial stimulation 
pulse, (A-pulse) and a subsequent R-wave, or AR in- 
terval, and sets the AV interval of the pacemaker to 
be a prescribed amount less than such AR interval. In 
this manner, the pacemaker always delivers a V-pul- 
se at the conclusion of the PV or AV intervals, which 
is less than the natural conduction time (PR or AR in- 
terval), and hence before the ventricles attempt to 
contract on their own. 

Advantageously, the present invention may be 
implemented using a wide variety of dual-chamb r 
pacemaker configurations and pacemaker hardwar . 
Any pacemaker configuration that allows the pace- 
maker AV or PV intervals to be automatically set to a 
value that is a prescribed amount less than the AR or 
PR conduction-time intervals may be used to imple- 
ment the invention. The description that follows is 
only exemplary of one such configuration. 

Referring then to FIG. 1, a block diagram of a 
dual-chamber pacemaker 10 is fllustrated. The pace- 
maker 10 is coupled to a heart 12 byway of leads 14 
and 16. The lead 14 has an electrode 15 that is in con- 
tact with one of the atria of the heart, and the lead 16 
has an electrode 17 that is in contact with one of the 
ventricles of the heart. The leads 14 and 16 carry 
stimulating pulses to the electrodes 1 5 and 1 7 from an 
atrial pulse generator (A-PG) 18 and a ventricular 
pulse generator (V-PG) 20, respectively. Further, 
electrical signals from the atria are carried from the 
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electrode 15, through the lead 14, to the input termi- 
nal of an atrial channel sense amplifier (P-AMP) 22; 
and electrical signals from the ventricles are carried 
from the electrode 17, through the lead 16, to the in- 
put terminal of a ventricular sense channel amplif ier 

(R-AMP) 24. 

A control circuit or control system 26 controls the 
dual-chamber pacer 10. The control system 26 re- 
ceives the output signals from the atrial amplifier 22 
over signal line 28. Similarly, the control system 26 re- 
ceives the output signals from the ventricular ampli- 
fier 24 over signal line 30. The output signals on sjgnal 
lines 28 and 30 are generated each time that a P-wa- 
ve or an R-wave is sensed within the heart 12. The 
control circuit or system 26 also generates trigger sig- 
nals that are sent to the atrial pulse generator 18 and 
the ventricular pulse generator 20 over signal lines 32 
and 34, respectively. These trigger signals are gener- 
ated each time that a stimulation pulse is to be gen- 
erated by the respective pulse generator 18 or 20. A 
stimulation pulse generated by the A-PG 18 is refer- 
red to as the "A-pulse," and the stimulation pulse gen- 
erated by the V-PG 20 is referred to as the "V-pulse." 
During the time that either an A-pulse or V-puise is 
being delivered to the heart, the corresponding am- 
plifier, P-AMP 22 and/or R-AMP 24, is typically dis- 
abled by way of a blanking signal presented to these 
amplifiers from the control system over signal lines 36 
and 38, respectively. This blanking action prevents 
"the amplifiers 22 and 24 from becoming saturated 
from the relatively large A-pulse or V-pulse, respec- 
tively, that is present at the input terminals of such 
amplifiers during this time. Such blanking action also 
prevents the sensing of residual electrical signals that 
may be present in the muscle tissue as a result of the 
pacer stimulation, which sensing could falsely be in- 
terpreted as P-waves or R-waves. 

Still referring to FIG. 1 , the pacer 10 also includes 
a memory circuit 40 that is coupled to the control sys- 
tem 26 over a suitable data/address bus 42. The 
memory circuit 40 allows certain control parameters, 
used by the control system 26 in controlling the oper- 
ation of the pacemaker, to be programmably stored 
and modified, as required, in order to customize the 
pacer's operation to suit the needs of a particular pa- 
tient. Such data includes the basic timing intervals 
used during operation of the pacemaker, such as the 
programmed atrial escape interval (AEI). Further, 
data sensed during the operation of the pacer may be 
stored in the memory 40 for later retrieval and analy- 
sis. 

A telemetry circuit 44 is further included in the 
pacer 10. This telemetry circuit 44 is connected to the 
control system 26 by way of a suitable command/data 
bus 46. In turn, the telemetry circuit 44, which is in- 
cluded within the implantable pacer 10, may be selec- 
tively coupled to an external programming device 48 
by means of an appropriate communication link 50, 



which communication link 50 may be any suitable 
electromagnetic link, such as an RF (radio frequency) 
channel. Advantageously, through the external pro- 
grammer 48 and the communication link 50, desired 

5 commands may be sent to the control system 26. 
Similarly, through this communication link 50 and the 
programmer 48, data (either held within the control 
system 26, as in a data latch, or stored within the 
memory 40), may be remotely received from the pac- 

10 er 10. In this manner, non-invasive communications 
can be established from time to time with the implant- 
ed pacer 10 from a remote, non-implanted, location. 
See, e.g., U.S. Patent No. 4,847,617, issued to Sil- 
vian, entitled "High Speed Digital Telemetry System 

15 for Implantable Devices," incorporated herein by ref- 
erence. 

The pacer 10 in FIG. 1 is referred to as a dual- 
chamber pacemaker because it interfaces with both 
the atria and the ventricles of the heart Those por- 

20 tionsofthe pacer 10 that interface with the atria, e.g., 
the lead 14, the P-wave sense amplif ier 22, the A-pul- 
se generator 18, and corresponding portions of the 
control system 26, are commonly referred to as the 
atrial channel. Similarly, those portions of the pacer 

25 10 that interface with the ventricles, e.g., the lead 1 6, 
the R-wave sense amplifier 24, the V-pulse generator 
20, and corresponding portions of the control system 
26, are commonly referred to as the ventricular chan- 
nel. 

30 In accordance with one embodiment of the pres- 

ent invention, the pacemaker 10 may further include 
one or more physiological sensors 52 that is connect- 
ed to the control system 26 of the pacer over a suit- 
able connection line 54. While the sensor 52 is illu- 
35 strated in FIG. 1 as being included within the pacer 
1 0, it is to be understood that the sensor may also be 
external to the pacer 10, yet still be implanted within 
or carried by the patient A common type of sensor is 
an activity sensor, such as a piezoelectric crystal, 
40 mounted to the case of the pacemaker. Other types 
of sensors, such as physiologic sensors that sense 
the oxygen content of blood, respiration rate, pH of 
blood, and the like, may also be used in lieu of, or in 
addition to. an activity sensor. The type of sensor, if 
45 any, used is not critical to the present invention. Any 
sensor or combination of sensors capable of sensing 
body motion or a physiological parameter relatable to 
the rate at which the heart should be beating can be 
used. A pacemaker using such sensors is commonly 
so referred to as a "rate-responsive" pacemaker be- 
cause such a pacemaker adjusts the rate (escape in- 
terval) of the pacer in a manner that tracks the phys- 
iological needs of the patient 

Referring next to FIG. 2, a block diagram of one 
55 embodiment of the control circuit or system 26 of the 
pacer 10 is illustrated. It is noted that other embodi- 
ments of a control system 26 may also be utilized, 
such as a microprocessor-based control system. A 
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representative microprocessor-based system is de- 
scribed, for example, in U.S. Patent 4,940,052, enti- 
tled "Microprocessor Controlled Rate-Responsive 
Pacemaker Having Automatic Threshold Adjust- 
ment." The '052 patent is assigned to the same as- 5 
signee as is this application, and is incorporated here- 
in by reference. 

The control system shown in FIG. 2 is based on 
a state machine wherein a set of state registers 60 de- 
fine the particular state of the pacer at any instant in 10 
time. In general, and as an overview of state machine 
operation, each state, by design, causes a certain ac- 
tivity or function to be carried out Several states are 
executed in a sequence during a given cardiac cycle. 
The sequence of states that is executed in a par ticular 1 5 
cardiac cycle is determined by the particular events 
that occur, such as the sensing of a P-wave or an R- 
wave, as well as the current state, as certain states 
can only be entered from certain other states. Only 
one state can exist at any instant of time, although 20 
several different state machines (or control systems) 
may operate in parallel to control diverse functions. 
For example, the telemetry circuit 44 (FIG. 1) prefer- 
ably utilizes its own state machine, such as is descri- 
bed in the above-cited patent The telemetry circuit 25 
state machine operates essentially independent of 
the control system state machine of FIG. 2. 

At the heart of the control system 26 is the state 
logic 62. It is the state logic that controls the "state" 
of the state registers 60, and hence the function or op- 30 
eration t hat will next be carried out by t he system. The 
state logic 62 receives as inputs the current state of 
the state registers, made available over a state bus 64 
(which state bus directs the state of the system to sev- 
eral sections of the control system), as well as other 35 
signals indicating the current status of the system or 
events that have occurred. The output signals from 
the P-AMP 22 (FIG. 1) and the R-AMP 24 (FIG. 1) are 
directed to an input decode logic circuit 66. This circuit 
generates appropriate logic signals "IPW" (Inhibiting 40 
P-Wave) and "IRW" (Inhibiting R-Wave) that are se- 
lected by a multiplexer 68 and sent to rate- 
determining logic 70. These signals are also sent to 
the state logic 62. The function of the rate- 
determining logic 70 is to determine the rate at which 45 
either the IPW or IRW signals are occurring. A signal 
representative of this rate is sent, as an output signal 
from the rate determining logic 70, to the state logic 
62 over signal line 72. Rate-determining logic 70 fur- 
ther receives a sensor rate signal from the sensor 52 so 
(FIG. 1), and (depending upon the particular state of 
the system, as defined by the state registers 60, and 
as made available to the rate-determining logic 70 
over the state bus 64) sends a rate signal to the state 
logic 62 over signal line 72 indicative of this sensor 55 
rate. 

Still referring to FIG. 2, a memory control circuit 
74 provides the needed interface between the cir- 



cuits of the control system 26 and the memory 40 
(FIG. 1). This memory control circuit may be any con- 
ventional memory access circuit that sends or re- 
ceives data to or from memory at a specified address. 
Data retrieved from memory 40 may be sent to either 
the state logic 62 (over signal line(s) 75) or to one or 
more programmable timers 76 (over signal line(s) 77). 
Data sent to memory 40 may be either the current 
state of the system (obtained off of the state bus 64), 
or other selected signals from the state logic (as 
made available over signal line(s) 78). 

The programmable timer 76 defines a prescribed 
time interval, the length of which is set by the sig- 
nal^) received from the memory control 74 over sig- 
nal line(s) 77, and the starting point of which begins 
coincident with the start of the current state, as ob- 
tained from the state bus 64. The timer 76 further gen- 
erates a time-out (TO.) signal when this prescribed 
time interval has elapsed. During the prescribed time 
interval, the timing function may be reset by a reset 
signal, typically obtained from the input decode logic 
66, although some states (as obtained from the state 
bus 64) may also effectuate an immediate reset of t h 
timer 76. The time-out signal is sent to time-out de- 
code logic 78. It is the function of the time-out decode 
logic to generate the appropriate trigger signals that 
are sent to the A-pulse generator 18 or the V-pulse 
generator 20 (FIG. 1). Further, an appropriate logic 
signal(s) is sent to the state logic 62 by the time-out 
decode logic 78 over signal line(s) 80 in order to notify 
the state logic that the respective trigger signals have 
been generated. It is to be understood that while FIG. 
2 only shows one programmable timer 76, several 
such programmable timers may be used, as is re- 
quired, in order to simultaneously keep track of multi- 
ple time intervals. 

An oscillator 82, preferably a crystal-controlled 
oscillator, generates a basic clock signal CO that con- 
trols the operation of the system logic. This clock sig- 
nal CO is sent to dock logic circuits 84, where other 
appropriate clock signals, such as dock signals C1, 
C2 and C3, are generated, all derived from the basic 
clock signal CO. These dock signals are distributed 
throughout the control system 26 in order to appro- 
priately synchronize the various events and state 
changes that occur within the pacemaker. The rate of 
the basic clock signal CO is not critical to the present 
invention. In general, a rate of 25-40 Khz for the basic 
clock rate CO is adequate. This rate provides a basic 
time increment of 25-40 microseconds each clock cy- 
cle, and this is more than enough time to effectively 
control the pacemaker operation. If desired, a faster 
basic dock rate can be used, particularly by the mem- 
ory control 74, to speed up the data transfer between 
the control system 26 and the memory 40, although 
for most pacemaker operations, a fast data transfer 
rate is not essential. 

In operation, the control system of FIG. 2 starts 
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at an initial state, wherein the state registers 60 as- 
sume a prescribed value that defines the initial state. 
For example, assuming four flip flops are used for the 
state registers 60, an initial state might be "1000" 
(hexadecimal '8") wherein the first flip flop assumes 
a "1" state, and the remaining three flip flops each as- 
sume a "0" state. This state may be defined as a V-A 
Interval (VAI) state wherein a prescribed ventricular- 
to-atrial (V-A) interval is initiated. For purposes of the 
present invention, this V-A interval may be consid- 
ered as the "atrial escape interval," or "AEI." As soon 
as the memory control 74 detects that the VAI state 
has been initiated, as evidenced by the "1000" ap- 
pearing on the state bus 64, it retrieves from the mem- 
ory 40 an appropriate data word, previously program- 
med into the memory 40 from the external program- 
mer 48, or otherwise generated by the state logic 62, 
that defines the desired length of the AEI. This data 
word is sent to the programmable timer and sets the 
length of the time period that is to be measured during 
the VAI state. 

The timer 76 is essentially just a counter that 
counts down (or counts up), using a specified clock 
signal, to the value specified in the data word. When 
the counting has been completed, and assuming that 
the counter has not been reset by the occurrence of 
a P-wave or other sensed event, the counter or tinner 
76 is said to have "timed-out," and an appropriate 
time-out signal is generated and sent to the time-out 
decode logic 78. The decode logic, in turn, recognizes 
that the current state of the system is the VAI state 
(as determined by monitoring the state bus 64), and 
therefore that the AEI has timed-out without any car- 
diac activity having been sensed. Hence, an A-pulse 
trigger signal is generated and sent to the A-pulse 
generator 18, so that the atrium can be stimulated. At 
the same time, an appropriate logic signal(s) is sent 
to the state logic 62 over the signal line(s) 80 to alert 
the state logic to the fact that the timer 76 has timed- 
out 

The state logic 62, in response to receiving the 
signal(s) from the time-out decode logic 78, and also 
in response to the current VAI state, triggers the next 
state of the prescribed sequence. For DDD operation, 
this state is typically a blanking state, or BLANK state, 
during which the P and R sense amplifiers, 22 and 24. 
are disabled. Accordingly, the state logic generates 
appropriate signai(s) on signal lines 36 and 38 to 
blank the P-wave sense amplifier 22 and the R-wave 
sense amplifier 24, and also causes the state regis- 
ters 60 to change to a BLANK state, which state could 
be defined, for example, by the flip flops of the state 
registers 62 assuming a "0001" (hex "1") condition. 
This BLANK state, detected on the state bus 64, caus- 
es the memory control circuitry to retrieve an appro- 
priate data word from memory that defines the length 
of the blanking interval, which data word is loaded into 
the programmable timer 76. As soon as the timer 76 



times out indicating that the prescribed blanking in- 
terval has lapsed, a time-out signal is generated that 
is sent to the time-out decode logic 78. Upon receipt 
of this time-out signal, and in response to the current 
5 state being a BLANK state, the time-out decode logic 
78 sends an appropriate logic signal to the state logic 
62. The state logic 62 responds by steering the state 
registers 62 to assume the next state in the prescri- 
bed sequence, which may be, for example, an AV-ln- 
10 terval state. 

At the beginning of the AV-lnterval state, another 
value is loaded into the programmable timer 76, or 
into an equivalent programmable timer, that defines 
the length of the pacemaker-defined AV interval, or 
15 "AVI." If the timer 76 times out without being reset in- 
dicating that no R-wave has been sensed, the de- 
code-logic generates a V-pulse trigger signal, and no- 
tifies the state logic 62 of this event The state logic, 
in turn, causes the next appropriate state to be en- 
20 tered, which state may be another blanking state, or 
BLANK state, similar to the one described above, but 
having perhaps a different duration. At the conclusion 
or timing out of this second BLANK state, the next 
state in the prescribed sequence is initiated, which 
25 state may be a refractory (REF) state. 

In the manner described above, the control sys- 
tem 26 assumes one state after another, thereby con- 
trolling the operation of the pacemaker. In general, a 
state is changed when the timer 76, or an equival nt 
30 timer, times out or when a prescribed event occurs. 
Further, in accordance with the present invention, if 
a prescribed event occurs, e.g., the occurrence of a 
P-wave, then the next state may be a PV-lnterval 
state. The PV-lnterval state is the same as the AV-ln- 
35 terval state, described above, except that a different 
value is loaded into the programmable timer 76, which 
different value defines the length of the PV interval, 
or'PVI." 

It is noted that the state of the control syst m 

40 could also be changed by receipt of an appropriate 
command from the telemetry system. 

The control system 26 of FIG. 2 may be realized 
using dedicated hardware circuits, or by using a com- 
bination of hardware and software (or firmware) cir- 

45 cuits. The appropriate sequence of states for a given 
mode of operation, such as DDD (dual-chamber pac- 
ing, dual-chamber sensing, dual mode (inhibited and 
triggered)); DDDR (dual-chamber pacing, dual- 
chamber sensing, dual mode (inhibited and trig- 

50 gered), rate-responsive); or VDI (ventricular chamber 
pacing, dual-chamber sensing, inhibited mode), for 
example, can be defined by appropriate control of the 
memory control 74 and the state logic 62. These cir- 
cuit elements, in turn, are most easSy controlled 

55 through an appropriate software or firmware program 
that is placed or programmed into the pacemaker 
memory circuits. The manner of accomplishing such 
programming is known in the art 
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A detailed description of the various circuits of the 
control system 26 of FIG. 2 will not be presented here- 
in because all such circuits may be conventional, or 
may be patterned after known circuits available in the 
art Reference is made, for example, to U.S. Patent 5 
No. 4,712,555, wherein a state machine-type of oper- 
ation for a pacemaker is described; U.S. Patent No. 
4,788,980, wherein the various timing intervals used 
within the pacemaker and their interrelationship are 
more thoroughly described; and U.S. Patent No. 10 
4,944,298, wherein an atrial rate-based programma- 
ble pacemaker is described, including a thorough de- 
scription of the operation of the state logic used to 
control such a pacemaker. The '555, '980 and '298 
patents are incorporated herein by reference. 15 

Of primary significance to the present invention 
is the manner in which the AV interval (or PV interval) 
is adaptively adjusted as a function of the measured 
natural conduction time of the patient The manner in 
which this is done is illustrated in the flowchart of FIG. 20 
3. In FIG. 3, as well as the other flowcharts presented 
herein, each main step of the method being described 
is illustrated as a "box" or "block." Reference numer- 
als are assigned to each block of the flowchart to aid 
in the description of the invention that follows. Each 25 
step of the method, i.e., each block, may be readily 
carried out by those of skill in the art by programming 
appropriate "code" in the memory 40, which code 
causes the necessary control signals to be generated 
to carry out the desired steps. Equivalent techniques 30 
for generating the control signals needed to carry out 
the prescribed method or sequence may also, of 
course, be used. 

As seen in FIG. 3, the method starts by setting 
the initial values needed by the pacemaker to carry 35 
out DDD or DDDR pacing (block 102). Such values 
are, for the most part, no different than those used 
when performing conventional DDD or DDDR pacing, 
and include such values as an initial pacing rate (from 
which an appropriate atrial escape interval is deter- 40 
mined), an initial value for the AV interval, blanking 
period values, maximum pacing rate values, stimula- 
tion pulse amplitudes and widths, and the like. In ac- 
cordance with the present invention, such initial val- 
ues also include a minimum and maximum value for 45 
the AV (or PV) interval, plus a prescribed time differ- 
ence between the natural conduction time of the pa- 
tient and the pacemaker-defined AV (or PV) interval. 
In some embodiments of the invention, it may also be 
important to specify the difference between the AV 50 
interval and a PV interval, where the AV interval is the 
natural conduction time as measured from the deliv- 
ery of an A-pulse to the subsequent occurrence of an 
R-wave, and the PV interval is the natural conduction 
time as measured from the occurrence of a P-wave 55 
to the subsequent occurrence of an R-wave. 

Once the initial values needed to carry out DDD 
or DDDR pacing have been set, the specified DDD or 



DDDR pacing is carried out (block 104) in convention- 
al manner, one cardiac cycle at a time, using the pro- 
grammed values. At some point in a cardiac cycle as- 
sociated with such DDD or DDDR pacing, an R-wave 
will occur; or a number of consecutive cardiac cycles 
will go by without the occurrence of an R-wave. Eith- 
er event signals a need to determine the natural con- 
duction time of the patient (block 1 06), so that an ap- 
propriate adjustment to the AV (or PV) interval of the 
pacemaker can be made, as needed (block 108). 

The occurrence of an R-wave indicates the depo- 
larization of the ventricles as a result of a natural or 
native conduction time that is shorter than the pre- 
sently existing AV (or PV) interval of the pacemaker. 
Hence, such event indicates that the pacemaker-de- 
fined AV (or PV) interval needs to be decreased. Ac- 
cordingly, as soon as an R-wave occurs, the natural 
or native conduction time of the patient, t^ or tp R , is 
determined. Such natural conduction time is deter- 
mined as the time interval between the most recent 
atrial activity, which would be either a P-wave or an 
A-pulse, and the R-wave. That Is, the native or natural 
conduction time (note, as used herein, "native" and 
"natural" are used as synonyms) begins with the oc- 
currence of atrial activity, and ends with the occur- 
rence of an R-wave. If the most recent atrial activity 
was a P-wave, then the conduction time measured is 
tp R . If the most recent atrial activity was an A-pulse, 
then the conduction time measured is Iar. 

If an R-wave fails to occur for a prescribed num- 
ber of cardiac cycles, then that provides an indication 
that perhaps the natural conduction time has in- 
creased, and that there is a need to increase the AV 
(or PV) interval so that it is not too different than the 
natural conduction time. 

In either event, once a determination is made 
that the natural conduction time has either decreased 
orincreased (block 106),the AV (or PV) interval of the 
pacemaker is then set to a value that is just less than 
the determined natural conduction time. This is done 
by either decreasing the AV (or PV) interval when it 
appears that the natural conduction time has de- 
creased (as is most often the case when an R-wave 
has been sensed), or by increasing the AV (or PV) in- 
terval when it appears that the natural conduction 
time may have increased (as is most often the case 
when an R-wave has not been sensed for a prescri- 
bed number of cardiac cycles). 

After the AV (or PV) intervals have been set to be 
less than the determined conduction time U R (or tp R ) 
at block 108, th n a determination, is made as to 
whether DDD or DDDR pacing is to continue (block 
110). »f not, then the method terminates (block 112). 
If so, then the method continues (block 104) by per- 
forming the DDD or DDDR pacing for the next cardiac 
cycle using the adjusted values of the AV (or PV) in- 
terval. 

Turning next to FIG. 4, a more detailed flowchart 
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is illustrated that shows the preferred technique for 
determining or measuring the natural conduction time 
of the patient (block 106 in FIG. 3), and adjusting the 
AV (or PV) intervals accordingly (block 108 in FIG. 3) 
In FIG. 4, the programmed values needed to car- 
ry out DDD or DDDR pacing are programmed into the 
pacemakerin conventional manner (block 120). In ac- 
cordance with the present invention, such program- 
med values include the number of cardiac cycles that 
must occur without an R-wave before the AV (or PV) 
interval is increased, the amount of such increase, an 
initial value for the natural conduction time Ur (<k $pr). 
or an indication of a technique for determining such 
initial values, the difference X and/or Y between the 
natural conduction times and the AV (or PV) intervals, 
and the like (block 122). Once the initial values of Ur 
or (tp,0 have been determined, then the value of the 
AV (or PV) interval is set to be a specified amount less 
than W or tp R (block 124). 

With the AV (or PV) interval set to an initial value, 
the DDD or DDDR pacing cycle commences using 
such value, plus the other programmed values (block 
126). If an R-wave is sensed during the pacing cycle 
(block 1 26), then that signals that the natural conduc- 
tion time tAR(or tp^ is shorter than the pacemaker-de- 
fined AV(or PV) interval. The occurrence of the R-wa- 
ve indicates the end of the conduction time Ur (or tpR), 
and thus permits a measurement of t^ (or tp R) to be 
completed (block 130). Two different measurement 
techniques for determining Ur (or tp^ are detailed 
more fully in FIGS. 5 or 6. The measured value of t^ 
(or W is then used as a basis for decreasing the AV 
(or PV) interval (block 132). The AV interval is set to 
W-X, where X is a parameter having a programmable 
value, a f ixed value, or an adaptive value based on a 
percentage of the heart rate. Similarly, the PV inter- 
val is set to tpR-Y, where Y is a parameter having a pro- 
grammable value, a fixed value, or an adaptive value 
based on a percentage of the heart rate. 

As is described more fully below in conjunction 
with FIGS. 5 and 6, in some embodiments of the in- 
vention, W and Ur are measured separately, and 
separate values are programmed or otherwise deter- 
mined for the parameters X and Y. Thus, in such em- 
bodiments, ^ and the resulting PV interval, and U 
and the resulting AV interval, are totally independent 
of each other. In other embodiments, one of W or tp R 
is determined, whichever happens to occur f irst, and 
the other is computed as a function of the measured 
value. In such embodiments, Ur is set to be a prescn- 
bed number of milliseconds greater than tp R . In such 
mbodiments, there is thus a prescribed relationship 
between Ur and tp R and the resulting AV and PV in- 
tervals. For most purposes relating to the descnption 
of the present invention, one of the AV (or PV) inter- 
vals, or one of the conduction times W (or Vr), is all 
that' is expressly referenced, and it is assumed that 
the other can be determined in an appropriate man- 



ner. 

After the AV (or PV) interval has been set to its 
new value based on th most recent measured value 
of W (or tpR) (block 1 32), a determination is made as 
5 to whether the new value of the AV (or PV) interval is 
less than or equal to a programmed minimum value 
for the AV (or PV) interval. AVm, n (or PV M in) (block 
1 34). If so, then the AV (or PV) interval is set to AV MlN 
(or PV MIN ). If not, then the AV (or PV) interval main- 
10 tains the value previously determined. If DDD (or 
DDDR) pacing is to continue (block 138), then the 
next cycle of such pacing continues using the newly 
set value of the AV (or PV) interval (bock 126). 
Should an R-wave not occur during the pacing 
15 cycle (block 1 28), then a determination is next made 
(block 140) as to whether a prescribed (programmed) 
number of cardiac cycles have occurred without the 
occurrence of an R-wave. If not, then the next cycle 
begins (block 126). If yes, then that indicates that 
20 perhaps the natural conduction time has increased, 
and that the AV (or PV) interval should also be in- 
creased to keep the difference between such natural 
conduction time and the AV (or PV) intervals to a mini- 
mum. Accordingly, the AV (or PV) interval is in- 
25 creased by a prescribed amount, Z (block 142). The 
value Z may be a fixed value, a programmable value, 
an adaptive value based on a percentage of heart 
rate, or a value based on the current AV interval. Aft r 
the AV (or PV) interval has been increased, a deter- 
30 mination is made as to whether the new value of the 
AV (or PV) interval is greater than or equal to a pro- 
grammed maximum value for the AV (or PV) interval, 
AVmax (or PVmax) (block 144). If so, then the AV (or 
PV) interval is set to AVmax (or PVmax). K not, then the 
35 AV (or PV) interval maintains the value previously de- 
termined (at block 142). If DDD (or DDDR) pacing is 
to continue (block 138), then the next cycle of such 
pacing continues using the newly set value of the AV 
(or PV) interval (bock 126). 
40 The number of cardiac cycles that must occur 

without the occurrence of an R-wave before the AV 
(or PV) interval is increased is preferably a program- 
mable number, and may typically be anywhere from 
8 to 128 cycles. Alternatively, a specific time interval 
45 may be specified. 2-10 minutes, that must elapse 
without the occurrence of an R-wave before the AV 
(or PV) interval is increased. The amount Z by which 
the AV (or PV) interval is incrementally increased is 
also preferably a programmable value, but could be a 
50 fixed value, or an adaptive value. Typical values for Z 
range from 5-30 msec. 

Referring nextto FIG. 5, a flowchart is shown that 
illustrates one technique for measuring the natural 
conduction times, t^ and W during one or more car- 
55 diac cycles of the heart The technique shown in FIG. 
5 makes an independent measurement of both t^R 
and tp R . As seen in FIG. 5, at the beginning of the car- 
diac cycle (block 1 50), a PR timer and an AR timer are 
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reset (block 152). Such timers, as well as the other 
timers referenced herein, may be implemented in 
hardware or software within the control system 26 
(FIGS. 1 and 2). 

After resetting such timers, an atrial escape inter- 5 
val (AEI) begins (block 1 54). If a P-wave is not sensed 
during the AEI (blocks 156, 174), then an A-pulse is 
generated (block 1 58), and the AR timer commences 
(block 160). Also, the AV interval begins (block 162). 
If an R-wave occurs during the AV interval (blocks 10 
164, 166), then the AR timer is stopped, and the value 
of the AR timer represents a measure of the conduc- 
tion time Ur (block 168). An AR flag is then set (block 
170), and the cardiac cycle ends (block 172), having 
determined tAR during the cycle. 1 5 

If the AV interval times out without detecting an 
R-wave (block 164), then a V-pulse is generated 
(block 188), and the cardiac cycle ends (block 172), 
having made no determination of either t^ or tp R dur- 
ing the cycle. Thus, the value of t*R and/or tp R used 20 
at the beginning of the next cardiac cycle Is retained 
as the conduction time value used for the preceding 
cardiac cycle. 

Should a P-wave be sensed before the AEI times 
out (blocks 156, 174), than the PR timer is started 25 
(block 176). Also, the PV interval is started (block 
178). If an R-wave occurs during the PV interval 
(blocks 189, 182), then the PR timer is stopped, and 
the value of the PR timer represents a measure of the 
conduction time tp R (block 1 84). A PR flag is then set 30 
(block 186), and the cardiac cycle ends (block 172), 
having determined tp R during the cycle. 

It is noted that the AR and PR flags that are set 
during the cardiac cycle, depending upon whether a 
P-wave or an A-pulse occurs, may be used during the 35 
operation of the pacemaker to steer the adjustment of 
the AV interval (if the AR flag is set), or the PV interval 
(if the PR flag is set). 

Turning next to FIG. 6, a flowchart of another em- 
bodiment or technique for determining the natural 40 
conduction time of a patient is illustrated. The techni- 
que shown in FIG. 6 determines just one of t^ or tp R , 
and the other is set as a prescribed difference from 
the measured value. Thus, as seen in FIG. 6, once the 
cardiac cycle begins (block 180), a single timer, des- 45 
ignated as the A/P-R Timer, is reset, as is a single 
flag, designated the A-Flag (block 182). The atrial es- 
cape interval (AEI) is started (block 184), and a de- 
termination is made as to whether a P-wave is sensed 
before the timing-out the AEI (blocks 186, 188). If so, so 
then the A/P-R Timer is started (block 190), and the 
PV interval is started (block 192). While the PV inter- 
val is timing-out, a determination is made as to wheth- 
er an R-wave occurs (blocks 194, 196). If an R-wave 
does occur during the PV interval, then the A/P-R 55 
Timer is stopped (block 214), and a determination is 
made as to whether the A-Flag is set (block 216). If 
the A/P-R Timer is not set, then that signals that the 



A/P-R Timer contains the tp* value, which value 
may be read from the A/P-R Timer, and the value 
may be computed therefrom. Typically, t^ is comput- 
ed as the measured value of tp R less Y A msec, where 
Y A may be a fixed value, a programmed value, or an 
adaptive value based on a percentage of the heart 
rate. The cardiac cycle is then completed (block 200) 
having measured a value of tp R and computed a value 
of t^ during the cycle. 

If the PV interval times out without sensing an R- 
wave (blocks 194, 196), then a V-pulse is generated 
(block 198), and the cardiac cycle terminates (block 
200) without having determined a new value for the 
conduction time t^R or Vr. Hence, the next cardiac cy- 
cle starts using the previously determined values of 
t/\R or tp R . 

If the AEI times out without having sensed a P- 
wave (blocks 186, 188), then the A-Flag is set (block 
202), and an A-pulse is generated (block 204). Also, 
the A/P-R Timer is started (block 206), and the AV in- 
terval is started (block 208). While the AV interval is 
timing-out, a determination is made as to whether an 
R-wave occurs (blocks 210, 212). If an R-wave does 
occur during the AV interval, then the A/P-R Timer is 
stopped (block 214), and a determination is made as 
to whether the A- Rag is set (block 21 6). If the A-Rag 
is set, then that signals that the A/P-R Timer contains 
the tAR value, which t^R value may be read from the 
A/P-R Timer, and the tp R value may be computed 
therefrom. Typically, tp R is computed as the meas- 
ured value of t^ minus Y B msec, where Y B may be a 
fixed value, a programmed value, or an adaptive val- 
ue based on a percentage of the heart rate. The car- 
diac cycle is then completed (block 200) having 
measured a value of and computed a value of tp R 
during the cycle. 

If the AV interval times out without sensing an R- 
wave (blocks 210, 212), then a V-pulse is generated 
(block 198), and the cardiac cycle terminates (block 
200) without having determined a new value of the 
conduction times or tpR. Hence, the next cardiac 
cycle starts using the previously determined values 
of t^ or tp R . 

Thus it is seen that the present invention pro- 
vides an implantable pacemaker, and method of op- 
erating such a pacemaker, that stimulates cardiac tis- 
sue at a time in the cardiac cycle that is just prior to 
when natural depolarization of the cardiac tissue 
would otherwise cause a cardiac contraction. 

As further described above, it is seen that the in- 
vention provides a dual-chamber pacemaker, and 
method of operating such a dual-chamber pacemak- 
er, that automatically adjusts the pacemaker-defined 
AV interval to a value that is just less than the natural 
conduction time of the patient Such action advanta- 
geously assures that a V-pulse is generated and de- 
livered to the ventricular muscle tissue at a time in the 
cardiac cycle when such ventricular muscle is not re- 
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fractory (i.e., prior to the natural depolarization of the 
ventricular tissue), while still maintaining the approx- 
imate cardiac timing set by the natural conduction 
time, thereby maximizing the cardiac output of the pa- 
tient. 

As also described above, it is seen that the inven- 
tion provides a dual-chamber pacemaker, and meth- 
od of operating such a pacemaker, that decreases the 
pacemaker-defined AV interval in response to sens- 
ing an R-wave (which sensed R-wave evidences a 
shortened natural conduction time), and that auto- 
matically increases the pacemaker-defined AV inter- 
val in prescribed increments in response to nqt Sens- 
ing an R-wavefora prescribed number of consecutive 
cardiac cycles (which failure to sense any R-waves 
may evidence a lengthening of the natural conduction 
time). Thus, advantageously, the pacemaker-defined 
AV interval is most always set to a value that is just 
somewhat less than the natural conduction time, re- 
gardless of whether the natural conduction time is in- 
creasing or decreasing, and the cardiac output of the 
patient is maximized. 

While the invention herein disclosed has been 
described by means of specif ic embodiments and ap- 
plications thereof, numerous modifications and vari- 
ations could be made thereto by those skilled in the 
art without departing from the scope of the invention 
set forth in the claims. 



Claims 

1. A dual-chamber pacemaker providing atrioven- 
tricular pacing in order to increase cardiac output 
in a patient suffering from a cardiomyopathy, 
comprising: 

an atrial channel and a ventricular chan- 
nel; 

an atrial sense amplifier that senses a P- 
wave in the atrial channel, said P-wave repre- 
senting natural atrial activity; 

a ventricular sense amplifier that senses 
an R-wave in the ventricular channel, said R-wa- 
ve representing natural ventricular activity; 

pulse generator means for generating an 
atrial stimulation pulse (A-pulse) in the atrial 
channel in the absence of a sensed P-wave by 
said atrial sense amplifier within an atrial escape 
interval, and a ventricular stimulation pulse (V- 
Pulse) in the ventricular channel in the absence 
of a sensed R-wave by said ventricular sense am- 
plifier within an AVtime intend, 

a control system that defines said AV time 
interval and said atrial escape interval, said AV 
time interval beginning upon the sensing of a P- 
wave or the generation of an A-pulse, whichever 
event occurs first in the atrial channel, and said 
atrial escape interval beginning upon the sensing 



of an R-wave or the g neration of a V-pulse, 
whichever event occurs first in the ventricular 
channel; and 

timing means as part of said control sys- 
tem for measuring a conduction time interval as 
the time period between atrial activity in the atrial 
channel and the sensing of an R-wave in the ven- 
tricular channel, and for automatically setting said 
AV time interval to a value that for ventricular pac- 
ing is always less than the measured conduction 
time interval by a prescribed amount, said atrial 
activity comprising the generation of an A-pulse 
or the sensing of a P-wave, whichever event oc- 
curs first, in the atrial channel; 

whereby, in the absence of a decreasing 
conduction time interval, said pulse generator 
means generates said V-pulse in the ventricular 
channel prior to the occurrence of an R-wave, 
thereby providing ventricular pacing for increas- 
ing cardiac output; and further 

whereby, in the presence of a decreasing 
conduction time interval, said AV time interval is 
automatically adjusted to a value less than the 
shortest conduction time interval. 

2. The dual-chamber pacemaker, as set forth in 
Claim 1, wherein said timing means of said con- 
trol system further automatically increases said 
AV time interval by a prescribed amount in th 
event a prescribed number of consecutive cardi- 
ac cycles occur without an R-wave being sensed 
by said ventricular sense amplifier; a cardiac cy- 
cle comprising the time period between cons c- 
utive atrial activity, whereby said AV time interval 
does not remain adjusted to a value less than the 
shortest conduction time interval in the absence 
of sensed R-waves for a period of time longer 
than said prescribed number of cardiac cycles. 

3. The dual-chamber pacemaker, as set forth in 
Claim 2, further comprising a memory circuit cou- 
pled to said control system, said memory circuit 
having prescribed minimum and maximum AV in- 
terval values stored therein, said minimum and 
maximum AV interval values being usable by said 
control system to limit the adjustment of said AV 
time interval between said minimum and maxi- 
mum AV interval values. 

4. The dual-chamber pacemaker, as set forth in 
Claim 3, wherein said control system comprises 
a state logic circuit that changes states in re- 
sponse to the occurrence of prescribed events, 
said prescribed events including the timing-out of 
specified time intervals, and the sensing of activ- 
ity in the atrial or ventricular channels. 

5. The dual-chamber pacemaker, as s t forth in 
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Claim 3, wherein said control system comprises 
a programmable timer circuit and a clock circuit, 
said programmable timer circuit having a tim in- 
terval value loaded therein, said clock circuit gen- 
erating a clock signal that counts said program- 5 
mable timer circuit for the number of counts rep- 
resented by said time interval value, whereupon 
said programmable timer circuit issues a time-out 
signal; said time interval value being adaptively 
changed by logic circuits within said control sys- 10 
tern to represent the AV time interval, whereby 
said programmable timer circuit defines said AV 
time interval. 

6. A dual-chamber implantable pacemaker pro- 15 
grammed to operate in a ODD or DDDR mode of 
operation so as to generate a ventricular stimula- 
tion pulse (V-pulse) during a given cardiac cycle 
prior to natural ventricular activity, yet at a time 
delayed sufficiently from any preceding atrial ao 20 
tivity to assure efficient cardiac output, said pa- 
cemaker comprising: 

sensing means for sensing P-waves and 
R-waves; 

stimulation means for generating V-pulses 25 
and A-pu!ses; 

measurement means for measuring the 
natural conduction time, tp R or Wt» of a heart to 
which the pacemaker is coupled, where tpR rep- 
resents the natural conduction time following a 30 
natural atrial event (P-wave), and Ur represents 
the natural conduction time of the heart following 
an atrial stimulation pulse (A-pulse); and 

timing means for automatically setting a 
PV interval for use by said pacemaker following 35 
a P-wave, and an AV interval for use by said pa- 
cemaker following an A-pulse, to a prescribed 
amount less than said natural conduction time, 
tp R or t^, respectively, said PV and AV intervals 
being used by said timing means to define the 40 
time period between a P-wave and a V-pulse, and 
between an A-pulse and a V-pulse, respectively, 
during the operation of said pacemaker. 

7. The dual-chamber implantable pacemaker, as set 45 
forth in Claim 6. wherein said timing means au- 
tomatically adjusts said PV and AV intervals to 
make them a prescribed amount less than the PV 

or AV interval used by said pacemaker in a most 
recent cardiac cycle in the event an R-wave is so 
sensed during said most recent pacing cycle. 

8. The dual-chamber implantable pacemaker, as set 
forth in Claim 7, wherein said timing means fur- 
ther automatically adjusts said PV and AV inter- 55 
vals to make them a prescribed amount greater 
than the PV or AV interval used by said pacemak- 
er in a most recent cardiac cycle, up to a prede- 



termined maximum PV or AV interval, in the 
event no R-wave is sensed for a specified num- 
ber of consecutive prior cardiac cycles. 

9. The dual-chamber implantable pacemaker, as set 
forth in Claim 6, wherein said measurement 
means includes means for measuring one of said 
W or tAR natural conduction times, depending 
upon which of said A-pulse or P-wave occurs 
first, and computing the other of said tpR or t^ 
natural conduction times as a function of said 
measured one of said tpp or t^ natural conduction 
times. 

10. The dual-chamber implantable pacemaker, as set 
forth in Claim 9, wherein said means for comput- 
ing the other of said tp R or t^p natural conduction 
times once one has been measured comprises 
means for defining t^ to be a prescribed amount 
greater than tp R , whereby once one of said tp R or 
t^ natural conduction times has been measured, 
the other of said tpp or natural conduction 
times is computed to be less than or greater than 
the measured value of tp R or t^ by said prescri- 
bed amount 

11. The dual-chamber implantable pacemaker, as set 
forth in Claim 6, wherein said measurement 
means includes means for measuring both tp R 
and tAR, where tpp is measured as the time inter- 
val between the occurrence of a P-wave and a 
subsequent R-wave, and tAR is measured as the 
time interval between the generation of an A-pul- 
se and a subsequent R-wave. 

1 2. The dual-chamber implantable pacemaker, as set 
forth in Claim 6, wherein said timing means sets 
the PV interval to be a first prescribed amount 
less than tp R , and sets the AV interval to be a sec- 
ond prescribed amount less than tAR. 

13. The dual-chamber implantable pacemaker, as set 
forth in Claim 12, wherein said first prescribed 
amount is the same as said second prescribed 
amount, whereby the difference between said PV 
interval and said AV interval is the same as the 
difference between tAR and tp R . 

1 4. The dual-chamber implantable pacemaker, as set 
forth in Claim 12, wherein said first prescribed 
amount and said second prescribed amount are 
computed as a function of the most recent meas- 
ur d values of tp R and respectively. 

1 5. A dual-chamber pacemaker comprising: 

means for sensing and pacing in both an 
atrial and ventricular channel; 

timing means for setting an AV interval, 
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said AV interval comprising the maximum time 
period allowed by the pacemaker between atrial 
channel activity, which atrial channel activity in- 
cludes sensing or pacing in the atrial channel, 
and pacing in the ventricular channel; 

measurement means for measuring a first 
time interval as the time interval between atrial 
channel activity and sensing in the ventricular 
channel; 

adjustment means for automatically set- 
ting the AV interval of said pacemaker to a value 
that for pacing in the ventricular channel is al- 
ways less than the most recently measured^ irst 
time interval; and 

control means for pacing in the ventricular 
channel at the conclusion of said AV interval in 
the event that no sensing occurs in the ventricu- 
lar channel during said AV interval, whereby ven- 
tricular pacing is provided. 

16. The dual-chamber pacemaker, as set forth in 
Claim 15, wherein said measurement means 
measures said first time interval each time that 
sensing occurs in the ventricular channel. 

17. The dual-chamber pacemaker, as set forth in 
Claim 15, wherein said adjustment means also in- 
creases said AV interval by a specified amount in 
the event that no sensing occurs in the ventricu- 
lar channel for a prescribed number of cardiac cy- 
cles, where a cardiac cycle comprises the con- 
secutive occurrence of atrial channel activity fol- 
lowed by pacing in the ventricular channel. 

18. A method of operating a dual-chamber implant- 
able pacemaker to provide ventricular stimulation 
pulses at a time within a cardiac cycle that is just 
prior to when a natural ventricular contraction 
would occur, said implantable pacemaker includ- 
ing means for sensing natural atrial contractions 
(P-waves), means for sensing natural ventricular 
contractions (R-waves), means for generating at- 
rial stimulation pulses (A-pulses), means for gen- 
erating ventricular stimulation pulses (V-pulses), 
and timing means for defining an AV interval that 
commences with the generation of an A-pulse, 
and a PV interval that commences with the sens- 
ing of a P-wave. said method comprising: 

(a) electronically measuring a first time inter- 
val within a given cardiac cycle that compris- 
es the time between an atrial event and an R- 
wave, said atrial event comprising either an A- 
pulse or a P-wave, whichever event occurs 
first in the given cardiac cycle; 

(b) automatically setting said AV interval to be 
equal to said first time interval less a first pre- 
scribed amount; 

(c) automatically setting said PV interval to be 



10 



equal to said first time interval less a second 
prescribed amount; and 
(d) issuing a V-pulse at the conclusion of said 
AV interval, in the event an A-pulse has first 
been generated, or at the conclusion of said 
PV interval, in the event a P-wave has first 
been sensed; 
whereby said V-pulse is always generated at the 
conclusion of said AV or PV interval following said 
atrial event 



19. The method, as set forth in Claim 18, wherein 
steps (a) to (c) are performed periodically at a 
prescribed interval, and step (d) is performed ev- 

15 ery cardiac cycle using the most recent AV or PV 

interval set by steps (b) and (c). 

20. The method, as setforth in Claim 1 9, wherein the 
prescribed interval at which steps (a)-(c) are per- 

20 formed comprises an interval def ined by the oc- 
currence of a programmed number of consecu- 
tive cardiac cycles. 

21. The method, as set forth in Claim 18, wherein 
25 steps (a) to (c) are performed during each cardiac 

cycle in which an R-wave occurs. 

22. The method, as setforth in Claim 21, further in- 
cluding increasing said AV and PV intervals by a 

30 t hird prescribed amou nt up to a maximum AV and 

PV interval in the event a predetermined number 
of consecutive cardiac cycles occurs without the 
occurrence of an R-wave. 

35 23. In a dual-chamber implantable pacemaker pro- 
grammed to operate in a DDD or DDDR mode of 
operation, a method of operating said pacemaker 
when coupled to a heart of a patient so as to gen- 
erate a ventricular stimulation pulse (V-pulse) 

40 during a given cardiac cycle prior to natural v n- 

tricular activity, yet at a time delayed sufficiently 
from any preceding atrial activity to assure effi- 
cient cardiac output, said pacemaker including 
means for sensing P-waves and R-waves, and 

45 means for generating V-pulses and A-pulses, 
said method comprising the steps of: 

(a) determining the natural conduction time of 
the heart, W or tAR, where tpR represents the 
natural conduction time following a natural at- 

5 o rial event (P-wave), and t^ represents the 

natural conduction time of the heart following 
an atrial stimulation pulse (A-pulse); 

(b) automatically setting a PV interval, for use 
by said pacemaker following a P-wave, and 

55 an AV interval, for use by said pacemaker fol- 

lowing an A-pulse, to a prescribed amount 
less than said natural conduction time, tp R or 
t^, respectively; 

14 
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(c) performing at least one pacing cycle in 
said DDD or DDDR mode of operation using 
the PVand AV intervals to define the time per- 
iod between an atrial event and the genera- 
tion of a V-pulse; 

(d) automatically adjusting said PV and AV in- 
tervals to make them a prescribed amount 
less than the PV or AV interval used most re- 
cently by said pacemaker in the event an R- 
wave is sensed during said at least one pacing 
cycle; and 

(e) automatically adjusting said PV and : AV in- 
tervals to make them a prescribed amount 
greater than the PV or AV interval used most 
recently by said pacemaker, up to a predeter- 
mined maximum PV or AV interval, in the 
event no R-wave is sensed for a specified 
number of cardiac cycles. 

24. The method, as set forth in Claim 23, wherein 
step (a) comprises measuring one of said tp R or 
t^ natural conduction times, depending upon 
which of said A-pulse or P-wave occurs first, and 
computing the other of said tp R or tAR natural con- 
duction times as a function of said measured one 
of said tpR or tAR natural conduction times. 

25. The method, as set forth in Claim 24, wherein 
computing the other of said tp R or tAR natural con- 
duction times once one has been measured com- 
prises defining tAR to be a prescribed amount 
greater than Vr. whereby once one of said tp R or 
t^ natural conduction times has been measured, 
the other of said tp R or tAR natural conduction 
times is computed to be less than or greater than 
the measured value of tp R or tAR by said prescri- 
bed amount. 

26. The method, as set forth in Claim 23, wherein 
step (a) comprises measuring both tp R and tAR, 
where t PR is measured as the time interval be- 
tween the occurrence of a P-wave and a subse- 
quent R-wave, and t^ is measured as the time in- 
terval between the generation of an A-pulse and 
a subsequent R-wave. 

27. The method, as set forth in Claim 23, wherein 
step (b) comprises setting the PV interval to be a 
first prescribed amount less than tp R , and setting 
the AV interval to be a second prescribed amount 
less than tAR. 

28. The method, as set forth in Claim 27, wherein 
said first prescribed amount is the same as said 
second prescribed amount, whereby the differ- 
ence between said PV interval and said AV inter- 
val is the same as the difference between tAR and 



29. The method, as set forth in Claim 27, wherein 
said first prescribed amount and said second pre- 
scribed amount are computed as a function of the 
most recent measured values of tpp and tAR, re- 

5 spectively. 

30. A method of providing ventricular pacing in order 
to increase cardiac output in a cardiomyopathy 
patient, such patient having a dual-chamber pa- 

10 cemaker, said pacemaker including means for 
sensing and pacing in both an atrial and ventric- 
ular channel, and timing means for setting an AV 
interval, said method comprising the steps of: 
(a) measuring a first time interval as the time 

15 interval between atrial channel activity and 

sensing in the ventricular channel for deter- 
mining a natural conduction time, said atrial 
channel activity comprising sensing or pacing 
in the atrial channel; 

20 (b) automatically setting the AV interval of 

said pacemaker to a value that is a prescribed 
amount less than the natural conduction time, 
where said AV interval defines the time inter- 
val between atrial channel activity and pacing 

25 in the ventricular channel; and 

(c) pacing in the ventricular channel at the 
conclusion of said AV interval in the eventthat 
no sensing occurs in the ventricular channel 
during said AV interval. 

30 

31. The method, as set forth in Claim 30, further 
comprising the step of: 

(d) adjusting said AV interval to a valu 
that is said prescribed amount less than the time 

35 interval between the most recent atrial channel 

activity and sensing in the ventricular chann I in 
the event that sensing occurs in the ventricular 
channel during said AV interval. 

40 32. The method, as set forth in Claim 31, further 
comprising the step of: 

(e) increasing said AV interval by a speci- 
fied amount in the event that no sensing occurs 
in the ventricular channel for a prescribed number 

45 of cardiac cycles, where a cardiac cycle compris- 
es the consecutive occurrence of atrial channel 
activity followed by pacing in the ventricular 
channel. 

50 33. A dual-chamber pacemaker for controlling ven- 
tricular pacing in order to increase cardiac output 
in a patient suffering from a cardiomyopathy by 
preemptively stimulating the ventricular channel 
comprising: 

55 an atrial channel and a ventricular chan- 

nel; 

an atrial sense amplifier that senses a P- 
wave in the atria! channel, said P-wave repre- 

15 
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senting natural atrial activity; 

a ventricular sens amplifier that senses 
an R-wave in the ventricular channel, said R-wa- 
ve representing natural ventricular activity; 

pulse generator means for generating a 5 
ventricular stimulation pulse (V-Pulse) in the ven- 
tricular channel and an atrial stimulation pulse (A- 
pulse) in the atrial channel, the sensing of a P- 
wave or the generating of an A-pulse, whichever 
occurs first comprising atrial activity; and 10 

timing means for defining an AV time inter- 
val as the time interval between atrial activity and 
the generation of a V-pulse f said timing me'ans 
further for measuring a natural conduction time 
interval as the time period between atrial activity 15 
and the sensing of an R-wave, and for automati- 
cally setting said AV time interval to a value that 
is less than said natural conduction time interval, 
whereby said pulse generator generates said V- 
pulse prior to the occurrence of natural ventricu- 20 
lar activity for preemptively stimulating the ven- 
tricular channel to thereby increase cardiac out- 
put 

34. The dual-chamber pacemaker of Claim 33, fur- 
ther comprising means for setting the AV interval 
to a value that, for ventricular pacing, is always 
less than the natural conduction time interval by 
a prescribed amount 
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